The isolation of viable extremely halophilic archaea from 250-million-year-old rock salt suggests the possibility of their long-term survival under desiccation. Since halite has been found on Mars and in meteorites, haloarchaeal survival of martian surface conditions is being explored. Halococcus dombrowskii H4 DSM 14522 T was exposed to UV doses over a wavelength range of 200-400 nm to simulate martian UV flux. Cells embedded in a thin layer of laboratory-grown halite were found to accumulate preferentially within fluid inclusions. Survival was assessed by staining with the LIVE/DEAD kit dyes, determining colony-forming units, and using growth tests. Halite-embedded cells showed no loss of viability after exposure to about 21 kJ/m 2 , and they resumed growth in liquid medium with lag phases of 12 days or more after exposure up to 148 kJ/m 2 . The estimated D 37 (dose of 37 % survival) for Hcc. dombrowskii was Ն 400 kJ/m 2 . However, exposure of cells to UV flux while in liquid culture reduced D 37 by 2 orders of magnitude (to about 1 kJ/m 2 ); similar results were obtained with Halobacterium salinarum NRC-1 and Haloarcula japonica. The absorption of incoming light of shorter wavelength by color centers resulting from defects in the halite crystal structure likely contributed to these results. Under natural conditions, haloarchaeal cells become embedded in salt upon evaporation; therefore, dispersal of potential microscopic life within small crystals, perhaps in dust, on the surface of Mars could resist damage by UV radiation.
Introduction

S
EVERAL EXTREMELY HALOPHILIC ARCHAEA (haloarchaea) have been isolated from alpine rock salt deposits of Permian and Triassic age, and some of them were described as novel species (Denner et al., 1994; Stan-Lotter et al., 1999 Gruber et al., 2004; Fendrihan et al., 2006) . In addition, amplification of 16S rRNA genes, via the polymerase chain reaction, indicated evidence for the presence of a large haloarchaeal community in the salt deposits (Radax et al., 2001) . These findings suggest the possibility of microbial long-term survival under conditions of desiccation, though it is enigmatic as to which mechanisms might be used, since haloarchaea are not known to produce resting stages such as spores (Grant et al., 1998; McGenity et al., 2000) . The apparent longevity of the haloarchaeal isolates in dry salty environments is of interest for the search for extraterrestrial life. Halite has been detected in meteorites, some of which stem from Mars (Gooding, 1992; Zolensky et al., 1999; Treiman et al., 2000) . Data from the martian rovers Spirit and Opportu-SIMULATED MARTIAN UV RADIATION AND HALOARCHAEA 105 nity (Rieder et al., 2004; Squyres et al., 2006) suggest that some deposits on Mars formed from concentrated salt water. If Mars and Earth had a similar geological past (Nisbet and Sleep, 2001, Schidlowski, 2002) , then there is the possibility that life occurred on Mars as well and that microbial life, or remnants of it, could still be present on Mars.
Since Mars lacks an ozone layer, strong UV radiation is inferred on the martian surface (Rontó et al., 2003; Patel et al., 2004) . It is believed that, before the accumulation of oxygen and ozone, the early Earth environment experienced an influx of short-wavelength UV of high intensity (Bérces et al., 2006; Westall et al., 2006) . Early life on Earth, therefore, was likely resistant to UV, and it follows that potential microbiota on Mars may have possessed, or may possess, resistance to this type of radiation as well, which can produce extensive DNA damage (Cockell, 1998; Cadet et al., 2005) . Previous experiments of microbial exposure to the space environment and its radiation were carried out mainly with Bacillus spores (Horneck, 1993; Horneck et al., 2001) . More recently, lichens and cyanobacteria were exposed to space conditions by Sancho et al. (2007) and Cockell et al. (2007) . To date, one exposure of an extremely halophilic archaeon, Haloarcula sp., to space conditions was performed in the Biopan experiments by Mancinelli et al. (1998) , who demonstrated considerable survival of cells after 14 days in space.
Haloarchaea, including Halobacterium salinarum strain NRC-1, whose total genome sequence is known (Ng et al., 2000) , have been investigated for the activity of DNA repair systems after exposure to UV radiation (McCready, 1996; Baliga et al., 2004; Zhou et al., 2007) ; therefore, some data on their resistance to UV are available. However, these studies are generally performed with cells in a liquid salt-containing medium during exposure to UV radiation. The presence of liquid saline pools on Mars is not likely, but solid halite has been discovered in martian meteorites (Gooding, 1992; Treiman et al., 2000) . Therefore, the haloarchaeal survival capacity, while enclosed in salt crystals, is of interest for astrobiological studies. The experiments performed here with Halococcus dombrowskii are part of the ground investigations of the ADAPT project (Principal Investigator P. Rettberg; for more information see http://www.nasa.gov/mission_pages/ station/science/experiments/Expose.html#overview), which was selected for exposure on the International Space Station (ISS). The exposure facility was developed by ESA and is described elsewhere, along with details of trays and the localization on the ISS .
While haloarchaeal strains obtained from rock salt that is believed to be millions of years of age should be eminently suitable model organisms for exposure studies, there are also some drawbacks. In particular, the isolates grow rather slowly, and some of them possess generation times on the order of weeks or even months (Gruber et al., 2004; Fendrihan, unpublished results) , which complicates the determination of various growth parameters following potentially lethal treatment of cells, especially when only a few samples with small volumes are available.
In this study, we chose to develop and test methods for the evaluation of haloarchaeal survival in small desiccated samples. The Mars-UV simulator lamp for examining the effects on organisms and on different complex organic substances at the same UV flux intensity as on the martian surface, developed by Kolb et al. (2005) , was used for the experiments with cells of Halococcus dombrowskii and two noncoccoid haloarchaea (Halobacterium salinarum, Haloarcula japonica). A comparison of the spectral intensity output of the lamp between 200 and 400 nm with the theoretical flux on Mars was published by Kolb et al. (2005) . For the quantitative determination of surviving haloarchaea, viable cells were counted after staining with the so-called LIVE/DEAD BacLight kit; the procedure has been described recently (Leuko et al., 2004 . For some experiments, fluorescence microscopy was combined with growth studies and exposure in liquid culture and on semi-solid medium; the effects of these experimental setups had not been compared before. The results of the study described here indicate the potential for UV-resistant microscopic life in small crystals, which could be present in martian dust.
Materials and Methods
Growth of halophilic microorganisms
Strains Halococcus dombrowskii H4 DSM 14522 T and Haloarcula japonica DSM 6131 T were grown in M2 culture medium (Tomlinson and Hochstein, 1976) (Pharmacia) . When the cultures reached an OD of 0.8 to 1.0, which corresponded to cell densities of 2.5-4 ϫ 10 8 per ml, cells were harvested by centrifugation at 5000 ϫ g for 5 minutes, and the pellets were resuspended in Tris-NaCl buffer, which consisted of 4 M NaCl (Sigma) and 100 mM Tris. The pH was adjusted to 7.4 with dilute HCl. Halobacterium salinarum NRC-1 ATCC-700922 was purchased from LGC Teddington, UK, grown as described previously (Gruber et al., 2004) and prepared as described for the haloarchaea mentioned before.
Exposure of cells to UV irradiation
Forty microliters and 28 microliters, respectively, of the cell suspensions were placed on quartz discs of 11 or 7 mm diameter (Aachener Quarzglas Technologie, Aachen, Germany). Discs either contained approximately 7 ϫ 10 5 or 4.8 ϫ 10 5 haloarchaeal cells. The discs were inserted in the wells of 24-well plates (Becton Dickinson, USA) and dried overnight in a sterile working bench (Holten LaminAir 2010, Denmark) under laminar flow at ambient temperature. This led to the formation of flat halite crystals with embedded haloarchaeal cells. For each exposure time, three quartz discs of each sample were used (placed in plastic petri dishes of 55 mm diameter) and exposed to the Mars-UV simulator lamp at the Austrian Academy of Sciences (Kolb et al., 2005) for times ranging from 1 to 3600 s. The spot of the lamp had a 50 mm diameter at a distance of 300 mm. The intensity of the irradiation of the lamp was in the range of 39.15-42 W/m 2 , as measured with a spectroradiometer (Typ UL 754, Optronic Laboratories Ltd., Orlando, USA); the data were acquired and edited with OL 754 version nr. 1.16 software. For some experiments, the Mars-UV simulator lamp was transported to the laboratories at the University of Salzburg or the Hungarian Academy of Sciences in Budapest. Exposures of cells in the liquid phase were performed following plating of 50 l each of a culture, which was diluted to 2-4 ϫ 10 3 or 2-4 ϫ 10 4 cells per ml, respectively, on agar plates of 55 mm diameter; the same distance as above was used during exposures. In addition, liquid cultures of the same dilutions were exposed directly by placing 1.4 ml into an empty petri dish of 55 mm diameter, creating a layer of 0.6 mm thickness, similar to the protocol by Baliga et al. (2004) . Some exposure experiments were performed in a chamber equipped with a UV lamp and a SOL2000 lamp (Dr. Hönle AG, Germany) that produced a spectral range from 200 to 800 nm; this equipment was provided by the DLR (Deutsches Zentrum für Luft-und Raumfahrt), Köln, Germany,
Determination of exposure effects
For removal of cells subsequent to exposure, 250 l of a modified Tris-NaCl buffer was added, which contained only 3 M NaCl, to each quartz disc. Fifty microliters of the suspension was used for LIVE/DEAD kit staining and fluorescence microscopy to assess viability of cells (see Leuko et al., 2004; Stan-Lotter et al., 2006) . Stained cells were counted manually on photographs taken with a digital camera (type DFC300FX, Leica Microsystems) from at least 5 prints per experiment, which contained between 80 and 300 cells each. Aliquots of 50 l from each experiment with different exposure times were inoculated into 4.95 ml of liquid medium (M2) in test tubes and incubated at 37°C in an incubator (Innova 4080) with shaking at 150 rpm. The OD of cultures was measured daily at 600 nm. All analyses also included nonirradiated control samples. Colony-forming units were determined following plating of aliquots of exposed and resuspended cells or, in the case of liquid cultures, of exposed cell suspensions, on agar plates of 90 mm diameter containing solidified M2 medium, unless noted otherwise. Incubation at 37°C to 40°C was done for several days (with Har. japonica and Hbt. salinarum) or several weeks (with Hcc. dombrowskii).
Determination of UV absorption and reflectance of halite
The spectrophotometric measurements of a quartz disc with (uninoculated) halite and of Hcc. dombrowskii in halite were taken in the spectral range between 200 and 800 nm to detect the samples' regions of transmittance (quartz disc with halite) or reflectance (Hcc. dombrowskii in halite), or both. The illumination of the samples was accomplished with a 75 W ozone-free Xenon arc lamp (Oriel 6251) as a white light source (color temperature 5500 K), equipped with a F/1.0 condenser (Oriel 68806) to obtain a collimated light beam illuminating the sample. The light transmitted or reflected by selected areas of the sample was focused by a quartz lens (f ϭ 140 mm) into the entrance slit of a grating spectrometer (Jobin Yvon Triax 190), diffracted by a 300 lines/mm grating, and then detected by a UV-sensitive Peltier-cooled CCD camera (Jobin Yvon) at the exit side of the spectrometer. To obtain curves for transmittance and reflectance, respectively, two spectra were taken for each measurement: the first one with the sample to be studied, the second one with a reference sample obtained under the same acquisition conditions. Division of the sample spectrum by the reference spectrum yields the transmittance or reflectance curve and eliminates the need for correcting the instrumental dependences related to the spectral efficiency of the grating and the spectral sensitivity of the CCD (Galsterer et al., 1999; Langanger et al., 2000) . The quartz disc with halite was placed in the light beam such that, with use of a suitable aperture of an iris diaphragm, a diameter equivalent to the halite-covered area on the disc was achieved. An unused quartz disc was used as reference for the transmittance data. The sample containing cells of Hcc. dombrowskii in halite was fixed on an opaque black holder (nonreflecting background) with the help of an opaque black mask with a 3 ϫ 3 mm hole in it. A white, diffuse reflecting standard (Spectralon SrS-99-010, reflectance greater than 95% from 250 to 2500 nm, greater than 99% from 400 to 1500 nm) was used as the reference for the opaque black holder. 
Results
Determination of survival following UV exposure
Halococcus dombrowskii H4 DSM 14522 T grows in most media as small aggregates of 2-8 cells (see Fig. 1, insert) . After exposure to simulated martian UV light and staining with the LIVE/DEAD BacLight kit (henceforth referred to as LIVE/DEAD kit), which contains nucleic acid dyes, cells can be distinguished by their color under a fluorescence microscope. Viable cells possess intact membranes, which allow permeation of the dye SYTO 9, and thus appear green in the fluorescence micrograph. Cells with damaged membranes, however, are penetrated by the red dye propidium iodide and are therefore considered nonviable (Haugland, 2002) , which has been verified for haloarchaea (Leuko et al., 2004) . Figure 1 is a representative fluorescence microscope photograph of cells of Hcc. dombrowskii subsequent to staining with the LIVE/DEAD kit after exposure to UV radiation. Such stained cells were used for the quantitative determination of viability of haloarchaeal cells, which was expressed as percent of cells that fluoresced green.
The data in Fig. 2 show that no loss of viability of Hcc. dombrowskii occurred following exposure of up to 21 kJ/m 2 and that about 75% of viable cells were still observed following exposure for 1 h, which equalled a dose of 148 kJ/m 2 . The exposure time to the Mars-UV simulator lamp was limited to one hour; extrapolation of the survival curve yielded an estimated D 37 (dose of 37% survival) in the range of at least 420 kJ/m 2 for Hcc. dombrowskii. The potential survival of Hcc. dombrowskii in halite may therefore be up to a dose of at least 3000 kJ/m 2 or higher. The process of embedding cultures of Hcc. dombrowskii in artificial halite, dissolving the salt, and resuspending the cells in high-salt buffer apparently resulted in damage to a portion of the culture. The recovery was 65% Ϯ 3% viable cells, compared to the liquid starting culture. This number was highly reproducible and probably represented a portion of cells that were aging and close to dying, as is common in a culture of high density; therefore, the amount of viable cells in the control after recovery was taken as 100% for the survival experiments (Fig. 2) . Aliquots of all exposed samples were incubated in growth medium M2, which contained nutrients and 4 M NaCl (Tomlinson and Hochstein, 1976) . Onset of growth was delayed by 12-14 days, occasionally by several weeks, but doubling times in the logarithmic phase and final densities of cells (30-35 h, OD 600nm 1.0-1.1, respectively) were essentially identical to those of unexposed controls, once growth had resumed (data not shown).
Ultraviolet exposure in liquid and on semi-solid medium
Most published data on haloarchaeal survival of UV irradiation was acquired from exposure of cells while in liquid medium or buffer. Exposure of Hcc. dombrowskii in liquid medium to the Mars-UV simulator lamp resulted in no loss of viability of up to a dose of 0.41 kJ/m 2 (Fig. 3A) , when  FIG. 2 . Survival of halite-entrapped Hcc. dombrowskii, following exposure to increasing doses of UV irradiation. Numbers of survivors were determined following staining with the LIVE/DEAD BacLight kit (see Fig. 1 and Materials and Methods) and are given as averages Ϯ standard deviation, indicated by error bars (number of experiments: 5-8). LIVE/DEAD staining data were considered. Extrapolation of the survival curve yielded an estimated D 37 of about 10 kJ/m 2 , which is 2 orders of magnitude less than the D 37 obtained with halite-embedded Hcc. dombrowskii. The determination of colony-forming units (CFUs) yielded a D 37 of about 1 kJ/m 2 (Fig. 3B) , which is lower than the value obtained from LIVE/DEAD staining but still in the same order of magnitude. Given that the number of CFUs obtained with cultures of Hcc. dombrowskii are likely less precise than with singly growing microorganisms due to cell aggregation (see Fig. 1 ), we used a multiplication factor of 4 for this strain. To explore the relationship between the environment of haloarchaea and the organisms' ability to survive exposure to UV flux further, Hcc. dombrowskii was exposed to the Mars-UV simulator lamp while spread on the surface of agar plates (semi-solid medium). Figure 3B shows the CFUs following growth on the same agar plates. The D 37 value was about 0.4 kJ/m 2 , which indicates an even higher sensitivity toward UV radiation than cells exposed in a liquid environment. For comparison with other haloarchaea, essentially the same exposure experiments shown in Figs. 2 and 3 were performed with Halobacterium salinarum NRC-1 and Haloarcula japonica. Following exposure, a portion of cells were immediately stained with the LIVE/DEAD kit, and viable cells in micrographs were counted, while CFUs of another portion of exposed cells were determined after incubation for 6-7 days. The D 37 of Hbt. salinarum NRC-1 was approximately 0.7 kJ/m 2 for cells irradiated while on agar plates, 1.5 kJ/m 2 for cells irradiated in liquid medium, and at least 148 kJ/m 2 for cells embedded in halite during exposure (data not shown). The ratios of these survival rates were thus similar to those given above for Hcc. dombrowskii. The D 37 for Hbt. salinarum NRC-1 was in a similar range as published data, and a D 37 of 212 J/m 2 was reported for a strain of Hbt. salinarum (Shahmohammadi et al., 1997) . A D 37 of approximately 250 J/m 2 was calculated from Fig. 1 of Baliga et al. (2004) , who had used Hbt. salinarum NRC-1. The D 37 of Har. japonica, as estimated from LIVE/DEAD staining, was about 16 kJ/m 2 ; from CFUs, the value for D 37 was 1 kJ/m 2 (Fig. 4A, B) . These data were in a similar range as those determined for Hcc. dombrowskii and Hbt. salinarum.
FIG. 3. Survival of
Preparation of samples and localization of cells within halite
In this study, we attempted to simulate "natural conditions," i.e., cell suspensions of Hcc. dombrowskii were left to dry at ambient temperature, which results in the formation of halite crystals. Even when cells are spread thinly on a quartz disc, salt crystals form as a cubic mineral (Fig. 5C) ; and cells will be trapped inside, mostly in fluid inclusions (Fig. 6; Fendrihan and Stan-Lotter, 2004) . Therefore, a "crowding effect" within the fluid inclusion will likely sometimes occur, with several layers of cells on top of each other; and partial shielding against irradiation could take place, as was demonstrated for spores of Bacillus subtilis (Mancinelli and Klovstad, 2000) . On the other hand, such somewhat inhomogeneous samples are characteristic of natural samples from evaporation events.
Reflectance and transmittance of UV by halite
The transmittance of halite on quartz disc (Fig. 7) was higher in the UV region, between 250 and 350 nm, and dropped to 40-50% in the region between 350 and 800 nm. The drop was probably caused by defects (vacancies) in the halite crystal and the related absorption of incoming light by these so-called color centers [a trapping energy level occupied by an electron-or an ion different from the original one-within the large band gap of halite; see Marder (2000) , Kittel (2006) ].
In a case such as this, the emitted light is shifted to longer wavelengths (Stokes shift) and scattered in all directions. These crystal lattice vacancies become enhanced when halite is subject to high-energy radiation, which leads to increased light absorption and enhanced colored (yellow) appearance of the crystal (an example is shown in Fig. 5A ). The reflectance curve (Fig. 7) of the halite sample with embedded Hcc. dombrowskii shows a rather low reflectance in the UV region between 250 and 350 nm, which increases to about 40-50% in the region between 350 and 800 nm. As soon as the light of shorter wavelength becomes absorbed by the color centers, the emitted light becomes Stokes-shifted and scattered in all directions, which thus increases the reflectance.
Discussion
Halite-embedded cells of Hcc. dombrowskii on small quartz discs survived exposure to the UV spectrum from 200-400 nm produced by the Mars surface radiation simulator for doses as high as 10 4 kJ/m 2 . This range of doses is similar to the UV dose that Haloarcula sp. and an osmophilic cyanobacterium survived during 2 weeks in Earth orbit (Mancinelli et al., 1998) . In addition, preliminary data from ground experiments of the ADAPT project (http://www.nasa.gov/mission_pages/station/science/experiments/Expose.html#ove rview; Baglioni et al., 2007) with a similar UV irradiation device (wavelength range 200-400 nm) and a solar lamp (SOL2000) suggest survival of halite-embedded Hcc. dombrowskii of a dose of 1 ϫ 10 5 kJ/m 2 (Fendrihan and Polacsek, unpublished data.) .
Survival of cells of Hcc. dombrowskii that were exposed to the UV spectrum while in liquid medium was lower by about 2 orders of magnitude than when cells were embedded in halite fluid inclusions during exposure; even less survival was observed when cells were spread on the surface of agar plates and exposed to UV radiation. Less mobility of cells on agar plates than is the case for cells in liquid culture may result in more cell damage and account for the approximately 2.5-fold difference in survival of UV radiation. Given the novel nature of these results, several phylogenetically different strains of haloarchaea were subjected to essentially the same UV exposure procedures. Apart from some differences in the estimated values for D 37 , the results were similar for all strains, which suggests that cells entrapped in fluid inclusions of halite receive some degree of protection from radiation.
In this study, an estimation of archaeal survivors of exposure to UV radiation was attempted for the first time by using a non-growth-based method-staining with the dyes of the LIVE/DEAD kit, which provides a measure of membrane intactness. This is a very rapid method for assessment of viability, compared to growth-based methods, such as determination of CFUs, which can require weeks of incubation with some strains. The limitations and advantages of several non-growth methods for the determination of stress-exposed cells of Escherichia coli, including UV radia- tion, were reviewed recently by Villarino et al. (2000) . The data obtained with the LIVE/DEAD kit for haloarchaea show a decline of cell viability, concomitant with increase of radiation dose (Figs. 3 and 4) . This result suggests membrane damage by UV radiation, which probably affects the transport systems. Koch et al. (1976) suggested that UV radiation resulted in protein damage within the transport system of Escherichia coli and concomitant leakiness of membranes. Recently, extensive oxidation of prokaryotic proteins during irradiation was reported for Deinococcus radiodurans (Daly et al., 2007) and Shewanella oneidensis (Qiu et al., 2006) . It is now believed that protein damage produces even more deleterious affects within cells than does DNA damage due to radiation. Though our results suggest that the LIVE/DEAD kit can be used as a suitable method for the determination of relative numbers of survivors in parallel experiments, we found that the number of survivors obtained with the LIVE/DEAD kit were consistently higher than those obtained from CFUs of aliquots of the same samples (Figs. 3 and 4) . We suspect the organisms may reach a viable, though nonculturable state, which can manifest itself in extended lag phases, as was observed in our liquid cultures following UV radiation (data not shown). It is worth noting that the mechanisms for inactivation of haloarchaea by UV radiation are not well known and still need to be elucidated (see Goosen and Moolenaar, 2008 , for a review).
The marked increase in survival of salt-embedded haloarchaeal cells is attributed to the properties of halite, which cause attenuation of the UV radiation due to the presence of color centers in halite's crystal structure that lead to a partial absorption of the light of shorter wavelength and reemission at longer wavelengths. Color centers do not appear in liquids; therefore, the absorption due to crystal vacancies (color centers) is probably one of the main reasons why the survival rates of Hcc. dombrowskii and Hbt. salinarum were increased in the crystal when compared to survival rates for the liquid and the agar plate. Drying of natural brines populated by halophilic microorganisms will lead to the formation of cubic crystals of different sizes that contain minerals, fluid inclusions, and various amounts of cells within fluid inclusions. The physicochemical "system" where halophilic archaea and bacteria tend to be found today is, indeed, very old, since fluid inclusions in the microliter range were detected in billion-year-old halite within meteorites (Zolensky et al., 1999) . In addition, nonhalophilic microorganisms could also become embedded in halite and possibly remain there for extended times, as was shown recently by Adamski et al. (2006) . Dispersal of halite crystals can occur by wind, as was suggested by Wheeler (1985) , who found cubes of halite among Sahara Desert sands that had blown over Britain in the year 1984. The well-documented dust storms on Mars might provide conditions for dispersal of crystals within which microorganisms could potentially reside, regardless of whether they are indigenous or a result of forward contamination. Such crystals, on the inhospitable surface of Mars, could provide sufficient shielding from UV radiation that might allow the microorganisms within them to remain viable.
